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ABSTRACT
We present a study to determine how star formation contributes to galaxy growth since z = 1.5 over five decades
in galaxy stellar mass. We investigate the specific star formation rate (SSFR; star formation rate [SFR] per unit
galaxy stellar mass) as a function of galaxy stellar mass and redshift. A sample of 175 K-band selected galaxies
from the MUnich Near-Infrared Cluster Survey spectroscopic dataset provide intermediate to high mass galaxies
(mostly M∗ ≥ 1010M⊙) to z = 1. The FORS Deep Field provides 168 low mass galaxies (mostly M∗ ≤ 1010M⊙)
to z = 1.5. We use a Sloan Digital Sky Survey galaxy sample to test the compatibility of our results with data
drawn from a larger volume. We find that at all redshifts, the SSFR decreases with increasing galaxy stellar mass
suggesting that star formation contributes more to the growth of low mass galaxies than to the growth of high mass
galaxies, and that high mass galaxies formed the bulk of their stellar content before z = 1. At each epoch we find
a ridge in SSFR versus stellar mass that is parallel to lines of constant SFR and evolves independently of galaxy
stellar mass to a particular turnover mass. Galaxies above this turnover mass show a sharp decrease in the SFR
compared to the average at each epoch and the turnover mass increases with redshift. The SFR along the SSFR
ridge decreases by roughly a factor of 10, from 10 M⊙yr−1 at z = 1.5 to 1 M⊙yr−1 at z = 0. High mass galaxies
could sustain the observed rates of star formation over the 10 Gyr observed, but low mass galaxies likely undergo
episodic starbursts.
Subject headings: surveys — galaxies: evolution — galaxies: stellar content
1. INTRODUCTION
In an effort to study galaxy assembly, we look at the contribu-
tion of star formation to the growth of stellar mass in galaxies
as a function of time. Several groups have determined stellar
masses of galaxies from redshift surveys with multiwavelength
observations in the local universe (2dF, Cole et al. 2001; SDSS
Kauffmann et al. 2003; SDSS & 2MASS, Bell et al. 2003;
Drory et al. 2004) and at high redshift (Brinchmann & Ellis
2000; Drory et al. 2001a; Cohen 2002; Rudnick et al. 2003;
Dickinson et al. 2003; Fontana et al. 2004; Drory et al. 2004).
Here we investigate the specific star formation rate (SSFR),
which measures the star formation rate (SFR) per unit galaxy
stellar mass, to study explicitly how star formation contributes
to galaxy growth for galaxies of different masses at different
times in the history of the universe.
The SSFR has been studied at low redshifts (Pe´rez-Gonza´lez
et al. 2003; Brinchmann et al. 2004) and intermediate redshifts
(Cowie et al. 1996; Guzman et al. 1997; Brinchmann & Ellis
2000; Fontana et al. 2003) but no significant study of SSFR evo-
lution over a wide range of galaxy masses and redshift has been
undertaken. High mass galaxies at high redshifts are just now
beginning to be studied (Juneau et al. 2004). Cowie et al. (1996)
used rest-frame K-band (2.2µm) luminosities and [OII]λ 3727
equivalent widths to show that galaxies with rapid star forma-
tion decrease in K luminosity, and therefore mass, with decreas-
ing redshift. Brinchmann & Ellis (2000) inferred stellar masses
of galaxies and pointed out a generally increasing SSFR with
redshift and a trend for low mass galaxies to exhibit larger SS-
FRs.
We combine two complementary redshift surveys to broaden
the mass and redshift range that we can probe. The wide-
area, medium deep MUNICS (Drory et al. 2001b; Feulner
et al. 2003) spectroscopic dataset provides intermediate to high
mass galaxies typically in the mass range of M∗ ≥ 1010M⊙.
The FORS Deep Field (Heidt et al. 2003; Noll et al. 2004)
covers a small portion of the sky very deeply, contributing
M∗ < 1010 M⊙ galaxies to the sample.
We discuss the samples used and the methodology for deter-
mining SFRs and galaxy masses in Section 2. We describe the
results of this study, possible selection effects and complete a
comparison to the local universe in Section 3. In Section 4 we
present a discussion of the physical implications of our results
as well as a comparison to the literature.
Throughout this Letter we adopt an ΩM = 0.3, ΩΛ = 0.7,
H0 = 72 km s−1Mpc−1 cosmology.
2. GALAXY DATA
The MUNICS project is a wide-area, medium-deep, pho-
tometric and spectroscopic survey selected in the K-band and
reaching K ∼ 19.5. It covers nearly one square degree in the K
and J bands with follow-up imaging in the I,R,V, and B bands
over 0.5 square degrees (Drory et al. 2001b). Spectroscopy is
complete to K ∼ 17.5 over 0.25 square degrees and reaches
K = 19.5 for 100 square arcmins. The spectra cover a wide
wavelength range of 4000− 8500A˚ at 13.2A˚ (FWHM) resolu-
tion, sampling galaxies in the redshift range of 0.07 < z < 1
(Feulner et al. 2003). Our MUNICS sample contains 175 ob-
jects, which are mostly massive (M∗ > 1010M⊙) field galaxies
with detectable [OII]λ 3727 emission.
The FORS Deep Field (FDF) spectroscopic survey provides
low-resolution spectra with detectable [OII]λ 3727 in the spec-
tral window (3300− 10000A˚ at 23A˚ (FWHM) resolution) to
z = 1.5 (Noll et al. 2004). The FDF survey is I-band selected
reaching IAB = 26.8 with spectroscopy to IAB = 24. The FDF
covers 7′ x 7′ in eight bands: UBgRIzJK (Heidt et al. 2003).
Our FDF sample includes 168 galaxies with detectable star for-
mation, and masses of mostly M∗ < 1010M⊙.
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FIG. 1.— Distribution of Redshift for MUNICS and FDF samples. In panels a and b, the dashed lines show the full spectroscopic samples, and the solid lines
show jsut the star-froming galaxies used for this study. Except at the lowest redshift, the majority of galaxies have detectable star formation to the limits of these
surveys. Panels c and d show the distribution of SFRs for MUNICS (c) and FDF (d) galaxies binned by redshift. The dashed histograms represent z < 0.4, the solid
0.4 < z < 1.0 and in panel dthe dotted distribution shows galaxies with 1.0 < z < 1.5. The mean and the maximum SFR in each redshift bin increases with redshift.
Stellar masses of galaxies are determined, as described in
Drory et al. (2004), by fitting a grid of composite stellar pop-
ulation models of varying age, star formation history, and dust
extinction to multi-wavelength photometry to determine mass-
to-light (M/L) ratios. The total systematic uncertainty in the
M/L ratio is about 25% Drory et al. (2004).
We have developed a program to automatically measure
emission line fluxes, equivalent widths and continuum breaks
from flux calibrated spectra. To each rest-frame emission line
region of interest, we fit a Gaussian profile plus a polynomial
continuum, using the spectral resolution as a first guess at the
line width. Errors in measurements are determined by fitting
spectral regions multiple times with different continuum esti-
mates. This program gives us a consistent flux measurement
between the galaxy samples measured in this study.
As an SFR indicator, we use the flux of the [OII]λ 3727 emis-
sion feature which remains in the spectral window from low
redshift to z = 1.5. We use the Kennicutt (1998, Equation 3)
conversion from [OII] line luminosity to SFR in units of solar
masses per year.
3. SPECIFIC STAR FORMATION RATES
Fig. 1 demonstrates the similarity between the redshift distri-
butions of the full spectroscopic samples (dashed lines) and star
forming sub-samples (solid lines) used in this study from MU-
NICS (Fig. 1a) and FDF (Fig. 1b). The majority of galaxies in
the full samples have detectable star formation and the distribu-
tions match very well, indicating little redshift bias in making
this selection of objects. There are fewer star forming galaxies
in the MUNICS sample at the lowest redshifts with only six low
redshift MUNICS galaxies excluded because of the [OII]λ 3727
emission line being blueward of the spectral coverage. For MU-
NICS, 52% of the spectroscopic sample shows star formation.
For the FDF galaxy sample, 75% of all galaxies with z < 1.5
show detectable star formation via the [OII]λ 3727 emission
feature. The higher fraction of star forming galaxies in FDF
is understandable since the FDF spectroscopic absolute magni-
tude limit is deeper than MUNICS and fainter galaxies tend to
have more star formation (e.g. Kennicutt et al. 1984).
Fig. 1 also shows the distribution of SFRs seen among the
two samples of galaxies split into redshift bins. MUNICS
galaxies are shown in Figure 1c with the dashed histogram rep-
resenting z < 0.4 and the solid histogram showing the range of
0.4 < z < 1.0. Figure 1d shows the FDF SFR distribution with
the same redshift bins in addition to a high redshift bin shown
by the dotted histogram for 1.0 < z < 1.5. The maximum SFR
increases with redshift, and is consistent between the two sam-
ples.
Fig. 2 shows the SSFR versus galaxy stellar mass, as a func-
tion of redshift. A sample of SDSS galaxies is shown in the
lowest redshift bin as crosses and described in detail below.
The solid diagonal line in each panel indicates a constant SFR
= 1M⊙yr−1. Lines of constant SFR are parallel to this line and
SFRs increase to the upper right. The vertical dashed line des-
ignates a galaxy with M∗ = 1011M⊙. The short vertical dotted
line shows the limiting MUNICS galaxy stellar mass for each
redshift bin. The diagonal dotted and dashed lines show limits
for detectable SSFR for MUNICS and FDF, respectively, de-
rived from their spectroscopic sensitivity limits.
Several features are evident at each epoch in this plot. Low
to intermediate mass galaxies form a “ridge” of SSFR that lies
parallel to the solid diagonal line of constant SFR. The ridge re-
mains as mass increases until, at some high mass, there appears
to be a turnover mass, above which the SSFR decreases. This
turnover mass increases with redshift accompanied by higher
mass galaxies showing higher SSFRs at earlier times. This be-
havior has been termed ’downsizing’ by Cowie et al. (1996).
There exists a general correlation between SSFR and mass
at low redshift (e.g. Brinchmann & Ellis 2000; Brinchmann
et al. 2004. We show evidence here for a ridge in SSFR that
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FIG. 2.— Specific star formation rate versus galaxy stellar mass as a function of redshift. The open squares are MUNICS galaxies, the solid squares represent
FDF galaxies, and the crosses correspond to SDSS galaxies, chosen to match the photometric limits of the MUNICS sample. The solid diagonal line in each redshift
bin shows a SFR = 1 M⊙yr−1 and the vertical dashed line references a galaxy with M∗ = 1011M⊙. Estimated error bars, appropriate for a majority of the galaxies,
are shown in the bottom left corner of the 0.4 < z < 0.7 bin. The vertical dotted line indicates the MUNICS mass limit and the diagonal dotted line shows the lower
limit for MUNICS detectable star formation in each bin. The diagonal dashed lines show lower limits for detectable SSFR for FDF.
evolves with redshift independent of galaxy stellar mass for the
full range of M∗ = 107−1011M⊙. The average SSFR at a given
mass on the ridge decreases from z = 1.5 to z = 0 so that the
average SSFR for a low mass galaxy at z = 1.5 is roughly 1 dex
higher than the average SSFR of a low mass galaxy at z = 0.25.
Galaxies with SFR< 1 M⊙yr−1, below the SSFR ridge, are in-
creasingly too faint to detect as redshift increases, as shown by
the diagonal dashed line in Fig. 2. The region below the SSFR
ridge of galaxies in Fig. 2 could also be populated by galaxies
that are not forming stars at the time of observation. Galaxies
of M∗ > 1011M⊙ exist at low SSFR, showing that they form
fewer stars compared to the lower mass galaxies. The turnover
mass refers to the mass at which the SSFR noticeably decreases
from the ridge. We note that, while detecting the lowest values
of SFR is affected by incompleteness, more than 50% of the
galaxies have detectable star formation and the upper bound of
the SSFR ridge has no selection effects.
We make no corrections for extinction to the emission line
fluxes in the present study for multiple reasons. We only mea-
sure Hα for those galaxies at z < 0.3, and can only measure a
Balmer decrement at low redshift. In addition, we only have
Hβ line flux measurements for 10% of the galaxies. For those
galaxies with measurements of both Hα and Hβ we find an
average E(B−V ) = 0.2, assuming a case B recombination.
Galaxy samples selected at mid and far infrared wavelengths
would likely yield some starbursting galaxies with higher SFRs
and would be affected by dust extinction. We feel it would be
irrelevant to apply a flat, generic low redshift correction to all
galaxies here, because while it would increase the global star
formation density by 50%, it would not change the differential
star formation effects studied here. If we were to apply a mass-
dependent extinction correction, the slope of the SSFR ridge
would change, but the differential effects with redshift would
remain identical.
The trends seen among the FDF and MUNICS galaxy sur-
veys exhibit similar evolution in their overlapping mass range
around M∗ = 1010M⊙ and are therefore suitable to analyze si-
multaneously to cover such a large range of galaxy stellar mass.
There are few FDF galaxies present in the lowest redshift
bin in Fig. 2 as anticipated since the FDF covers little vol-
ume at low redshift. The lack of massive galaxies in the z > 1
bins also shows the small volume of the FDF in addition to
the spectroscopic limit for detecting massive galaxies. In or-
der to verify that the increase in SSFR at higher redshifts is not
due to rarer objects being seen as larger volumes are probed,
we investigate the trends in SSFR from the SDSS. We gath-
ered SDSS galaxies (Abazajian et al. 2004) selected to match
the MUNICS magnitude limits from the sample described in
Drory et al. (2004), who determined galaxy stellar masses fol-
lowing the same method as the rest of our sample. We used the
[OII]λ 3727 flux as reported by SDSS and followed the Kenni-
cutt (1998) conversion to SFR.
We chose a random sample of SDSS galaxies to match the
number of galaxies in the lowest redshift bin from MUNICS
and FDF and show them in Fig. 2 as crosses. The SSFRs of
the SDSS galaxies are consistent with the MUNICS values in
this redshift bin, which we confirmed by repeating the selection
multiple times. Out of the whole SDSS sample, only 1.15%
lie above the 1 M⊙yr−1 constant SFR line. Hence, if the abun-
dance of galaxies above this line at high redshift were only due
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to the larger volume sampled, we would expect only such a
small fraction of objects to lie above this line.
4. DISCUSSION AND CONCLUSIONS
We present a study of the contribution of star formation to
galaxy growth from z = 1.5 to the present. We investigate the
SSFR as a function of redshift and galaxy stellar mass over five
decades in galaxy stellar mass. At all redshifts, the SSFR de-
creases as stellar mass increases. This indicates a higher con-
tribution of star formation to the growth of low mass galaxies
since z = 1.5 and suggests that high mass galaxies formed the
bulk of their stellar content earlier than z= 1. The drop in SSFR
for high mass (M∗= 1011M⊙) galaxies above the turnover mass
for each epoch seen in Fig. 2 is symptomatic of higher mass
galaxies tending to be the early-type, redder population which
forms few stars after z = 1. This result is compatible with the
detection of massive galaxies at z > 1 (Saracco et al. 2003;
Fontana et al. 2004; Glazebrook et al. 2004) and the mass-
dependent SFR from z = 0 to z = 2 suggested by Heavens et al.
(2004).
Fig. 2 shows evidence of a ridge in SSFR that runs parallel
to lines of constant SFR. The ridge exists for all galaxy stellar
masses M∗ = 107− 1011M⊙ and increases uniformly, indepen-
dent of mass as redshift increases. The first evidence for such
a ridge in SSFR was noted by Brinchmann & Ellis (2000). Our
work moves beyond that study with a mass limited sample at
each redshift bin and a wide range of masses.
The ridge in SSFR shifts downward as redshift decreases in-
dicating a steady decrease in the global SFR by a factor of 10
from z= 1 to z= 0, as widely noted in the literature (e.g. Madau
et al. 1996; Lilly et al. 1996; Hammer et al. 1997; Rowan-
Robinson et al. 1997; Flores et al. 1999; Tresse et al. 2002).
Previous studies have not differentiated whether the decline in
the global SFR is experienced by galaxies of all types or spe-
cific to a limited galaxy population. Our study shows a uniform
change in SFR independent of galaxy stellar mass.
Using nearly 105 SDSS galaxies, Brinchmann et al. (2004)
study several properties of star forming galaxies at z < 0.2.
They show the observed likelihood distribution of SSFR versus
stellar mass in their Figure 24 which demonstrates the existence
of a SSFR ridge. This ridge is compatible with the one shown
in this work if identical SFR conversions and extinction correc-
tions are applied to the [OII]λ 3727 emission line flux as shown
in the low redshift panel of Fig. 2. Our comparison to SDSS
galaxies reveals that our findings are not the result of more ex-
treme galaxies being detected as more volume is sampled.
Galaxies exist on Fig. 2 only when the star formation in-
duces detectable amounts of [OII]λ 3727 emission. At any
epoch a majority of galaxies (50− 75%) show detectable star
formation with SFRs lying on the SSFR ridge. Galaxies with
M∗ > 1010M⊙ could sustain the observed SFRs for a doubling
time of order the Hubble time, without moving significantly on
Fig. 2, but the SFR is observed to decrease over time, presum-
ably because of gas depletion.
Galaxies with M∗ < 1010M⊙ likely evolve differently. Low
mass galaxies sustaining the observed SFRs would significantly
evolve on Fig. 2 from z = 1 to z = 0 so that we would see more
intermediate mass galaxies with SFR > 1 M⊙yr−1 at z = 0,
which is not evident. A galaxy of mass, M∗ = 109M⊙, with
constant SFR = 1 M⊙yr−1 has a doubling time of the stellar
population of 109yrs. Such a galaxy, with a typical gas fraction
of order 1 (Bothun 1984; Kannappan 2004), could only sustain
this rate of star formation for a short period of time before the
gas supply diminishes (if we assume no significant gas infall).
Therefore, it is likely that these galaxies exist on Fig. 2 during
periodic starbursts. If gas depletes during each burst then sub-
sequent bursts would exhibit progressively lower SFRs, consis-
tent with the observed trend. The duty cycle must be at least
50%, since the majority of the galaxies have detected star for-
mation.
If there exists a transition mass between the two separate
modes of star formation (sustained or periodic bursts), then the
coherence of the trend of the SSFR ridge decreasing with red-
shift independent of mass is particularly interesting.
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